Abstract: A computer model of a non-linear ultrasonic vibrating system with the possibility of autoresonant control is presented in this paper. The system controlled consists of two modules, the first of which is an electromechanical model of an ultrasonic transducer comprising a piezoelectric transducer and a step concentrator. The second module simulates an influence from the machining process. Coefficients of the electromechanical model and its validity were estimated through an identification process based on the experiments with a real ultrasonic transducer. Further, a numerical model of the autoresonant control of this system has been developed. The autoresonant control maintains the resonant regime of oscillation by means of positive feedback, which provides transformation and amplification of the control signal. The model allows the use and comparison of three control strategies depending on the different electrical and mechanical feedback control signals. The results from simulation and from real machining experiments under different control strategies are compared and discussed.
INTRODUCTION
Ultrasonically assisted machining is the superimposition of ultrasonic vibration on a conventional machining processes, such as turning, milling, drilling, and other machining techniques, when the vibration is applied directly to a cutting tip (not through an abrasive slurry). Figure 1 shows a set up for ultrasonically assisted turning being investigated in this paper. The ultrasonic transducer consists of piezoceramic rings clamped together with a waveguide (concentrator) and a back section. A cutting tip is fixed in the tool holder installed at the narrow end of the concentrator. The transducer is supported and rigidly clamped at its nodal crosssection in a fixture mounted on the saddle of the lathe. The workpiece is fixed by a three-jaw spindle chuck and is rotated universally by a lathe drive.
When a high-frequency signal from an electronic amplifier is fed to the input of the piezotransducer, it begins to vibrate due to piezoelectric effect. This vibration excites longitudinal waves in the concentrator (which intensifies the amplitude of vibration in the direction of the narrow end) and through it the vibration of the cutting tip.
Ultrasonically assisted machining started to develop in the middle of last century (1950s) [1, 2] . Since its invention, the method has won recognition and different researchers have reported that, compared to conventional machining technology, it provides a number of benefits, the most important of which are:
(a) a considerable decrease in cutting forces and tool wear [3] [4] [5] [6] ; (b) an improvement of finish quality by up to 50 per cent (surface roughness and roundness) [7] [8] [9] ; (c) processing of a wide range of materials including hard alloys and difficult-to-machine special composites [9] [10] [11] .
Some examples of ultrasonically assisted machining in comparison with conventional machining are presented in Fig. 2 , which is arranged as a matrix, where
Fig. 1 Experimental setup of ultrasonically assisted turning
rows represent the types of machining and columns are materials treated. The significant difference in finish quality produced by these techniques can be clearly seen from these pictures. In the case of the ultrasonically assisted drilling of aluminium, the substantial reduction of burr formation is presented. The example of milling glass shows that conventional machining is more likely to produce cracks than the ultrasonically assisted milling which makes a good quality groove.
In spite of all the listed benefits, the ultrasonically assisted machining has still not been properly developed. One of the key problems in the promotion of ultrasonically assisted machining is development of the proper adaptive control of the ultrasonic vibration. It was shown that frequency control (forced excitation with a prescribed frequency) is inefficient in achieving peak performance of ultrasonic cutting systems. The main reasons for this are the non-linear behaviour of ultrasonic vibrating systems when several regimes are possible with the same frequency applied and the ill-defined nature of the ultrasonic process. The most advanced control method for overcoming these problems is autoresonance [7, 12, 13] .
Autoresonant control is a self-sustaining excitation of a vibration mode at the natural frequency of a mechanical system, which maintains the resonant condition of oscillation automatically by means of positive feedback based on the transformation (phase shift) and amplification of the signal from a sensor. Depending on the choice of the sensor, different control strategies can be used, which can be classified into two main types:
1. Mechanical feedback, when the signal from the displacement (velocity) sensor attached to the end of the concentrator or cutting tip is used for the control system. 2. Electrical feedback, when the signal from the current sensor, measuring the electrical parameters of the piezoelectric transducer (current, power), is used in a control algorithm.
This paper is devoted to the investigation and comparison of control strategies based on mechanical feedback and electrical feedback. The possible benefits and drawbacks of every control strategy will be revealed and considered. The method of investigation is by using numerical simulations, which requires the creation of a model of the ultrasonic vibrating system and a model of the control system.
MODEL OF THE ULTRASONIC VIBRATING SYSTEM
The model of the ultrasonic vibrating system provides numerous possibilities for the investigation of its properties. However, the ultrasonic transducer is a complex continual system and creating a realistic model is a complicated task. The model is a simplified copy of the original, having the properties of the original system, which are significant for the current application. The results of further investigations will depend on the model and that is why the creation of a reliable model is a very important step. In literature, a large number of papers are dedicated to the modelling of ultrasonic transducers [14] [15] [16] [17] [18] , however, the majority of them concentrate on the finite element modelling and very few of them are devoted to the development of one-dimensional numerical computer models accommodating the non-linear impact interaction as a loading process. One-dimensional numerical models are much faster in processing the required information than FE models, i.e. simulations are less demanding on a computer and therefore they appear to be more convenient for evaluation of new control concepts, which can be done easily and quickly. This section is devoted to the modelling of the loaded ultrasonic vibrating system in one dimension and considers the process of system simplification, the development of methods for calculating the model parameters, and modelling of the non-linear (vibro-impact) interaction between the cutter and the workpiece. Figure 3 displays the process of simplification that allows the vibrating system to keep the important properties of the original system whilst making the model accessible for simulation. Figure 3 (a) represents the ultrasonic transducer consisting of the piezoelectric transducer, concentrator, and back section. Due to the existence of a nodal point between the piezoceramic rings in the working regime of the transducer, the back section of the transducer can be omitted and an ultrasonic transducer can be substituted with the model consisting of one piezoceramic ring and a concentrator (Fig. 3(b) ). The left end of this structure is treated as unmovable. In conditions of different load application, the position of nodal point will be slightly varying, which is neglected in this study in order to simplify modelling of the transducer.
The strong filtering effect of the concentrator permits considering the model of the concentrator of the ultrasonic transducer as a two-degree-of-freedom system, where the first and the second modes of vibration of the concentrator correspond to the first and the second modes of vibration of the two-degree-of-freedom system.
Thus the ultrasonic transducer can be represented as the simplified model shown in Fig. 3(c) . This model consists of two parts:
(a) a model of the piezoelectric transducer; (b) a model of the concentrator with a two-degree-offreedom vibrating system. The next step is the calculation of the model's parameters based on existing information, dimensions, constants and so on, which has to be accomplished for both the model of the concentrator and the model of the piezoelectric transducer.
Model of concentrator
There are many combinations of parameters of a two-degree-of-freedom system, which can be used to create the model of the concentrator. To find the 'right' combination of parameters, the method of calculation based on eigenvalues, eigenvectors, and the energy balance was developed. Initially, the eigenvalues of the distributed parameter models of the concentrator will be defined. Figure 4 shows the design of the step concentrator used in this work.
The concentrator consists of a two step bar with different cross-sectional areas. The coordinate of the connection cross-section of the two steps is x c , while
Fig. 4 Step concentrator
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Proc. IMechE Vol. 222 Part C: J. Mechanical Engineering Science S 1 and S 2 are the cross-sectional areas of the corresponding first and second steps, and L is the full length of the concentrator. In order to describe the longitudinal vibration within the bar, the cross-sections are assumed to remain flat during the vibration and the particles lying in the cross-sections are assumed to move only in the x direction. Let ν(x, t) describe the displacement of the cross-section x from its position within the undeformed bar. The equation for the longitudinal vibration within the bar can be written in the form
where i = 1, 2 is the number of the bar considered, μ i = ρS i is the mass per unit length of the bar, ρ is the bar material density, and E is the modulus of elasticity. Boundary conditions for both the fixed and free ends of the concentrator are written respectively as
where ν 1 (x, t) and ν 2 (x, t) are the longitudinal displacements within the first and the second steps.
The conditions for the cross-section with coordinate x c where the two steps join together are as follows
where the second condition is derived applying Newton's second law to the small element of concentrator dx where the two steps join together. Equation (1) in relation to equations (2) and (3) describes the distributed parameter model of the concentrator. Solving equation (1) with boundary conditions (2), the modes of oscillation of the first and second steps of the concentrator can be found. Applying conditions (3) to the equations describing the modes of oscillation gives equation (4), from which the eigenvalues of the distributed parameters model of the concentrator are obtained
It has already been mentioned that the two-degree-offreedom system can be substituted for the distributed parameters model of the concentrator. The parameters of the undamped two-degree-of-freedom system (Fig. 4) . Eigenvalues are obtained from equation (4), eigenvectors are measured from the experiment, and the full energy of the distributed parameter model is calculated from equation (5) and equalized with the full energy of the two-degree-of-freedom system
Thus, the combination of parameters of the twodegree-of-freedom system that provides the closest correspondence with the distributed parameters model of the concentrator is defined.
Model of the piezoelectric transducer
The next step is the calculation of the parameters of the model of the piezoelectric transducer. According to the definition, piezoelectricity is a coupling between a mechanical and an electrical behaviour of a medium. That is why the most important function of the model of the piezoelectric transducer is to provide the correlation between the electrical and mechanical parameters of the ultrasonic system. In other words, the model has to define the interaction between the displacement of the piezoelectric transducer, the load from the concentrator and the voltage, supplied to the piezoceramic rings. To a good approximation, the interaction between the electrical and mechanical qualities of the piezoceramic can be described by linear relations between electrical and mechanical variables
where ε is the strain, σ is the applied stress, s E is the elastic compliance at constant electric field, d is the piezoelectric charge constant, h is the piezoelectric deformation constant, is the field strength, D is the dielectric displacement, and ξ s is the permittivity at constant strain [19] .
Taking into account that ε = x 0 /l 0 , σ = F 0 /S 0 , = u/l 0 , and D = q/S 0 and rearranging equation (6) transfer to
where S 0 is the area, l 0 is the thickness of a piezoceramic plate, x 0 is the amplitude of deformation for a single piezoceramic plate, F 0 is the force applied to the piezoelectric transducer from the concentrator (will be further considered ), and u is the voltage supplied to the piezoceramic plates. Thus, equation (7) describes the state of the piezoelectric transducer and provides the basis for the creation of a model. The model specifies the interaction between the mechanical F 0 , x 0 , and electrical u parameters of the ultrasonic system. The values of l 0 , S 0 , and s E will depend on the properties of each particular piezoelectric transducer.
Equation (8) describes the charge of the piezoelectric transducer . Differentiating the charge with respect to time gives the current of the piezoelectric transducer, which will be further used for the control system based on electrical feedback.
Model of ultrasonic transducer
Now, when the model of the concentrator and the model of the piezoelectric transducer have both been produced, a full model of the ultrasonic transducer consisting of the concentrator and the piezoelectric transducer can be derived (Fig. 6) .
Equations of motion for the system, shown in Fig. 6 can be written as
From here
is the force applied to the piezoelectric transducer from the concentrator, and x 0 is the displacement of the piezoelement, described by equation (7).
Fig. 6 Model of the ultrasonic transducer
Thus, equations (7), (9), and (10) fully describe the model of the ultrasonic transducer, which has been used for the simulation. The method of calculation of the parameters of the undamped, free, two-degree-offreedom system (k 1 , k 2 , m 1 , m 2 ) has been described in the previous section. Damping coefficients c 1 and c 2 can be selected to provide the amplitudes of oscillation of the first and second bodies just as the amplitudes of vibrations of the first and the second parts of the concentrator, which are obtained experimentally. It is considered here, that the vibration of the first body of the model corresponds to the vibration of the middle of the first step of the concentrator and that the vibration of the second body of the model corresponds to the vibration of the end of the concentrator.
Non-linear load design
Application of a load during the process of machining brings strong non-linearity to the system and instability to the process of control [5] . That is why it is important to simulate the influence from the machining process in the model to investigate the performance of the control system under the load.
One-dimensional contact interaction between the ultrasonic transducer and a workpiece can be described with the help of a viscoelastic limiter, known as a Kelvin-Voigt model (Fig. 7) . The limiter is modelled schematically as a parallel working linear spring with stiffness k and a dashpot with damping coefficient c. The initial gap between the ultrasonic transducer and a viscoelastic limiter is defined as Δ; negative Δ corresponds to the initial interference. Such a model describes the dynamic loading of the ultrasonic transducer due to processing [12] .
The dynamic response of the limiter is described as
where x = x 2 − Δ, k is the contact stiffness, c the contact damping, Δ the initial interference/gap (Δ will be further used in this paper as the initial interference), and x 2 is the displacement of the second body (end of the concentrator). The parameters of the viscoelastic limiter have been defined from the experimental results using the method of identification, which allows replacing the real system by the model with the values of parameters providing the response of the system obtained experimentally. Thus, development of the model of the ultrasonic vibrating system has been completed. Based on the described formulae (equations (7), (9), (10), and (11)), the above-mentioned parameters of all parts of the ultrasonic system have been calculated and the Matlab-Simulink model of the system was created. A general schematic of the created Matlab-Simulink model and its experimental verification is given in reference [20] . The next step is to develop the model of the control system.
MODEL OF THE CONTROL SYSTEM
The created model of the ultrasonic vibrating system allows the simulation of operation of the ultrasonic transducer under different cutting conditions. In order to make possible the investigation of different control strategies, the model of the control system based on the principle of autoresonance [12] has to be developed.
Autoresonant control is a method based on phase control [21] , which maintains the resonant regime of oscillation automatically by means of positive feedback using transformation (phase shift) and amplification of the signal from a sensor. It is based on the fact that during resonance, the phase lag between the vibration of the working element (cutter) and the excitation force applied to the latter is constant. A general schematic of feedback is presented in Fig. 8 .
The main purpose of the control system is to keep the vibrations of the ultrasonic transducer at a specified level during the process of cutting (the regime Fig. 8 General schematic of feedback of oscillations with the non-linear load applied). The description of the control system operation is provided as follows.
The control system generates a control signal by means of shifting the phase of the sensor signal and changing its amplitude. This signal is then supplied to the piezoelectric actuator to produce an excitation for the vibrating system. To perform this algorithm initially, the phase shift giving the maximum amplitude of vibration needs to be found and set up. Thus the most efficient autoresonant state of the system is reached. It is known that the application of the non-linear load changes the resonant frequency of the system [12] and affects the level of vibration. To keep the resonant mode of oscillations, the phase shift value has to be changed along with the alteration of the non-linear load. This is accomplished by the following phase control algorithm.
For every control cycle, the phase shift value is changed by the phase control unit value and the RMS value of the sensor signal is traced. If the RMS value of the sensor signal obtained from the next control cycle after changing the phase shift is less than the RMS value of the sensor signal obtained from the previous control cycle (when the phase shift was changed), the direction of changes of phase shift is changed to the opposite one. Otherwise the direction of changes is kept the same. Thus the control system always aims at the most efficient autoresonant state.
To compensate for the losses in amplitude that occur due to loading, amplitude control is used, which is designed to keep the amplitude of oscillations during cutting at the level prescribed by the program. To provide this control, the system is constantly observing the amplitude of the sensor signal (the RMS value is used as a measure). When this value enters the critical zone (i.e. changes by more than 5 per cent of desired value), the control system calculates the new value for the amplitude of the actuating signal according to the specific algorithm. Setting this value up allows the desired level of oscillations to be approached.
Thus, the combined amplitude-phase control algorithm allows the possibility of simultaneous control of the resonant state (phase control) and level of oscillations (amplitude control), which ensures stable oscillations at the most efficient resonant mode.
Depending on choice of the sensor, two different control strategies are possible:
1. Mechanical feedback, when the sensor, measuring the mechanical characteristics of the oscillations (displacement, velocity or acceleration) attached to the end of the concentrator is used for the control system. 2. Electrical feedback, which uses the signal from any electrical sensor measuring the electrical characteristics of the piezoelectric transducer (current, voltage, and power). Now, the advantages and disadvantages of these control strategies are considered. The mechanical feedback uses a sensor-measuring vibration (it could be a displacement, velocity or acceleration sensor). The sensor is placed near the cutting area at the end of the concentrator or at the cutting tip. Therefore, it directly reflects the oscillations of the ultrasonic system, and by controlling the signal from this sensor, the actual state of vibration can be controlled in the most efficient way. It is inconvenient, however, to use this arrangement in industrial conditions since it is difficult to fix the sensor permanently because of prolonged high-frequency vibration under harshmachining conditions. Additional wiring to the control system is a disadvantage as well, as the sensor is located in the cutting area. Electrical feedback uses the electrical characteristics of the piezoelectric transducer for the control, i.e. current or power. An electrical sensor does not need to be placed in the cutting area, which makes it convenient to use in industrial conditions. However, this sensor reflects the oscillations of the system in an indirect way via the current or power in the piezoceramic rings, which can cause difficulties for the control system.
In order to check the impact it makes on the control system, an investigation to compare the electrical signals (current and power) with the displacement signal has been completed. The experimental investigation included obtaining and comparing the amplitudefrequency characteristic for the displacement of the end of the concentrator with the amplitude-frequency characteristics for the current and power of the piezoelectric transducer.
The results of this investigation are shown in Fig. 9 . It can be seen from the graph that the resonant peak of the displacement curve (a) coincides very well with the peak of the power curve (b), but not with the peak of the current curve (c).
As explained above, the control algorithm always aims at the regime with the maximum amplitude of the sensor signal. This means that using the signal from the current sensor, the maximum peak of performance (maximum amplitude of vibration) of ultrasonic system can never be reached. The amplitude of the displacement signal, which can be obtained using current control, differs by 12.5 per cent from the maximum amplitude of displacement. It was supposed that the difference in amplitude could be compensated for by the initial increase in the amplitude of the voltage supplied to the piezoelectric transducer. This suggestion will be further investigated. For the case of power control, it is theoretically possible to reach the maximum amplitude of displacement as the resonant frequencies of power and displacement coincide. 
NUMERICAL SIMULATIONS AND DISCUSSION
Based on the results set out in the previous section, the following control strategies have been further investigated:
1. Mechanical feedback, when the displacement was used in the control algorithm (displacement feedback). 2. Electrical feedback, when the current signal was used for the control system. This strategy will be called current feedback. 3. Electrical feedback, when a current signal was used as the actuating signal to generate excitation for the piezoelectric transducer and a power signal was used as a control signal to define the actual performance of the system and control the amplitude of the excitation signal. This control strategy will be further called power feedback control. Now, the results of the control system simulation for three described types of control will be presented and discussed. In order to investigate the ability of the control system to keep the desired level of vibrations during the cutting process, the simulation of changes in the loading conditions (contact stiffness) was carried out in a step way. During the simulation, the load applied to the end of concentrator was changed and the RMS value of the sensor signal was recorded.
Mechanical feedback (displacement control)
Simulation results for the case of mechanical feedback will be considered now. The first test (Fig. 10) investigates the ability of the displacement control to keep the level of vibrations under control in conditions of contact stiffness changing. For illustrative purposes, the contact stiffness value, Fig. 10(c) , and the load applied to the ultrasonic system (b) were monitored together with the displacement of the second body (a). The control system uses the RMS value of the displacement signal in a control algorithm as an actuating signal and as a control signal, which is shown in Fig. 11 as a solid line. The dashed line depicts the desired value of the RMS of the displacement signal. The desired value was defined as the RMS of the desired value of the amplitude of displacement of the loaded system. Figure 10 shows that with an increase in the contact stiffness value (c), the amount of load (b) was increasing as well. However, in spite of considerable changes of non-linear load, the amplitude of the displacement was kept stable. Figure 11 is consistent with Fig. 10 and shows that the RMS value of the displacement was kept close to the desired level during the whole process of simulation. Another interesting observation from Fig. 10(a) is the 'shifting' downward of the displacement with the increase of the contact stiffness value, which makes the displacement curve less symmetrical. This illustrates that the increasing contact stiffness makes it more difficult for the ultrasonic transducer to penetrate into the material. That leads to quasi-static compression of the system. The next test shows the influence of changes in the interference value (and load correspondingly) on the control system performance (Fig. 12) . The interference is increased in a step way. Figure 12 (b) depicts the applied load value, which is changing with the increase of the interference value. The effect of the 'shifting' downward of the displacement value is also presented Fig. 12(a) . Again, it can be seen from Fig. 13 that the control system keeps the RMS value quite stable in spite of a considerable increase in loadings. The results of both the tests have proved that an autoresonant control system based on mechanical feedback is able to maintain the level of vibrations during the process of cutting (in the conditions of the non-linear load changing).
Electrical feedback

Current control
In order to compare different control strategies, the simulation with the same loading of transducer was repeated for the electrical feedback case. Current feedback when the RMS value of the current of the piezoceramic rings was used as an actuating signal and as a control signal will be considered first. For this test, the value of voltage supplied to the piezoelectric transducer was increased to compensate for the 12.5 per cent difference (see previous section). In this test, in order to have a clear representation of what is happening with the oscillations of the system, the RMS value of the displacement, Fig. 14(b) , was observed together with the RMS value of the current during the stepwise increase in the contact stiffness. From these figures, it can be seen that the control system maintains the RMS value of the current ( Fig. 14(a) ). However, the RMS value of the displacement, Fig. 14(b) , deviates considerably from its desired value during the test.
The maximum deflection of the RMS value of the displacement from the desired value is 1.8 μm (24 per cent), which is noticeably higher than the maximum deflection for the displacement control (0.4 μm (5 per cent)) as shown in Fig. 11 . This test shows that an autoresonant control system based on current feedback had difficulties over controlling the level of vibrations during this test.
From a comparison of the two tests, it can be seen that current feedback is much less suitable for control than displacement feedback. This can be explained due to the shift of the resonant frequency of the current from the resonant frequency of the displacement. Even increasing the voltage supplied to the piezoelectric transducer, which was undertaken to compensate for the difference in amplitude, did not solve this problem. Because of the difference in amplitude-frequency curves, by controlling the level of current, the level of displacement cannot be properly controlled. This difference can further increase with changes of the load.
The next test shows the influence of increase in the interference value in a stepwise manner (and load correspondingly) on the control system performance for the current feedback case. Figure 15 shows the RMS value of the current signal (a) and the RMS value of the displacement of end of the concentrator (b). It can be seen that the RMS value of current was kept quite close to the desired value during the whole test, while the displacement was deviating from its desired value. The maximum deflection of the RMS value of the displacement from the desired value is 2.3 μm (30 per cent), which is noticeably higher than the maximum deflection for the displacement control 0.7 μm (9 per cent) as shown in Fig. 13 . Results of this test are consistent with the results of the previous test and prove the reduced efficiency of the control system based on the current feedback.
Power control
In this section, the simulation results for the next case of electrical feedback when both the current and the power of the piezoelectric transducer are used in the control algorithm will be considered. In this case, the control system uses the current signal to generate excitation for the vibrating system by phase shifting and amplifying it (actuating signal), as in the case of current control. However, in order to define the required amount of phase shift and amplitude, the control system uses the power signal. From an investigation of amplitude-frequency characteristics, it is obtained that the resonant frequencies of the power of the piezoelectric transducer and the displacement of the end of the concentrator coincide. Based on this fact, a suggestion is made that changes in displacement can be better traced using the power signal than by using the current signal, and that, by maintaining the level of power, the level of displacement can also be maintained. This hypothesis will be investigated now. Initially the test on changing the contact stiffness value will be considered. The RMS value of the power is presented in Fig. 16(a) . To trace the vibrations of the system, the RMS value of the displacement was observed (Fig. 16(b) ). From this graph, it can be seen that indeed the power control is able to keep the level of vibrations at the desired value. The maximum deflection of the RMS value of displacement from the desired value is 0.5 μm (7 per cent), which is much better than for the current feedback control (24 per cent) and very close to the result of the mechanical feedback case (5 per cent) . This simulation shows that using the power signal for the control system considerably improves the results of electrical feedback control.
However, the following problem occurs with power feedback: any increase in the amplitude of the voltage supplied to the piezoelectric transducer also causes an increase in power. The formula for calculating the power consists of two components: the current and the voltage of the piezoelectric transducer and increasing one of the components will also increase the power. At the start of the test, the desired value of power is defined for the initial level of voltage. Every time when the amplitude control is applied, the amplitude of the voltage supplied to the piezoelectric transducer is increased, which increases the level of power, however, the desired value of power is kept the same. This means that the value of the power initially corresponding to the desired level of vibrations will, after an increase in amplitude, correspond to a lower level of vibrations. By maintaining the level of power, the level of vibrations cannot be controlled.
This can be seen from Fig. 17 , which depicts the results of the test on changing the interference value for the power feedback case. One can see that, at the beginning of simulation, the desired value of power corresponds to the desired value of displacement.With a change of interference, the desired value of power corresponds to the desired value of displacement less and less. From this graph, it can be seen that the power control is not as efficient as in the previous test (Fig. 16) . In this case, the maximum deflection of the RMS value of displacement from the desired value is 1.4 μm (19 per cent) , while for the test on contact stiffness changing it was only 7 per cent. To avoid this problem, the desired value of power has to be increased together with increasing the amplitude of voltage supplied to the piezoelectric transducer. However, it is difficult to identify the increase in the desired value required to compensate for the increase in the amplitude of the supplied voltage, because there is no linear dependence between these characteristics.
Comparing the results of this test with the results of the same test for other feedback types, it can be seen that the maximum deflection for the power control (19 per cent) is far from the displacement control (9 per cent), but still better than for the current control (30 per cent). This means that the characteristic of power feedback described above does not dramatically decrease the effectiveness of the control system and it still provides reasonably good results.
A comparison of the performance of the autoresonant control based on the phase control algorithm with the conventional frequency control, regime without feedback, was undertaken when the system was excited with predefined frequency. The simulation showed that forced oscillations cannot control the level of vibrations at all. When the load was applied, the resonant frequency of the system was changed and, as it was excited with a different frequency, the oscillations were gradually damped.
EXPERIMENTAL RESULTS
The simulations revealed the advantages and drawbacks of different control strategies and estimated the efficiency of each of them. To validate the results obtained through numerical simulations, a prototype of an autoresonant control system was designed and manufactured. For all the listed control strategies, the turning experiments for different feed rates have been conducted with the control system. The turning lathe, Harrison M300, was employed in the experiments as shown in Fig. 1 . Spindle speed 125 r/min and depth of cut 0.15 mm were used. Samples of 50 mm in diameter made of mild steel have been machined. Figure 18 shows a schematic of the experimental set-up used for the experiments with different control Fig. 18 Experimental set-up used for experiments with different control strategies strategies. Contour 1 indicates the autoresonant control system, which is designed according to the general schematic shown in Fig. 8 . Contour 2 designates the arrangement used to record the experimental data. Figure 19 represents the oscilloscope readings of the turning experiment with mechanical feedback control system. The solid line depicts the RMS of the inductive sensor's output proportional to level of vibration; the dashed line illustrates the RMS value of the limiter's output. At the beginning of the experiments, the lathe was switched off. After 50 s, the lathe was switched on and a feed rate of 0.03 r/min was applied. The increase in the limiter's output can be observed (dashed line); it is the reaction of the control system trying to compensate for the changes in the signal, caused by the applied load. After 85 s, the feed was turned off and, after setting up the value 0.1 mm/rev, it was turned on again at 95 s. It can be seen that the limiter's output was increased even more in this case.With switching off the feed at 125 s, the limiter's output comes back to the previous value. At 145 s, the feed rate of 0.2 mm per revolution was set up and the amplitude of voltage supplied to the transducer was increased again. The increase in the limiter's output in this case was almost twice as high as for the previous feed rate value. It can also be seen that the output of the inductive sensor was not changing during the experiment. This means that the control system was able to keep the level of vibrations stable in spite of considerable change in loadings.
Comparison investigation of different control strategies during the turning experiments
Mechanical feedback
In order to estimate the actual amplitude of vibration using the inductive sensor output, the following calibration has been done. For free transducer (not loaded), the velocity of the cutting tip oscillations was measured using the Polytec laser vibrometer and was recorded together with the output of the inductive sensor (Fig. 20) .
This experiment shows that the RMS value of the inductive sensor 0.31 V corresponds to the RMS value of the laser vibrometer's output 0.7 V. Taking into account the sensitivity of the laser vibrometer 1000 mm/s/v, the RMS value of the velocity of the cutting tip is 0.7 m/s, which gives the RMS value of displacement
where f = 18 kHz is the frequency of oscillation of the ultrasonic transducer. The RMS value 6.2 μm corresponds to oscillations with the amplitude 8.8 μm, which is considerably low amplitude for freely vibrating transducer. The low amplitude of vibration can be explained by the Q-factor of the ultrasonic system, which will be considered in the next section. Figure 21 represents the oscilloscope readings of the turning experiment with the electrical feedback control system, when the current signal was employed in the control algorithm. In this experiment, the output of the current sensor was used as the actuating signal and as the control signal. The solid line depicts the RMS of the current sensor's output; and the dashed line illustrates the RMS value of the limiter's output. As in the previous experiment, three different feed rates have been applied: 0.03 (at 85 s), 0.1 (at 110 s), and 0.2 mm per revolution (at 135 s). For all three intervals, when the feed was applied, the increase in the limiter's output (dashed line) can be observed. This demonstrates that the control system is working to compensate for the changes in the sensor signal, caused by the applied load. It can also be seen that the output of the current sensor (solid line) is not changing during the experiment. This shows the efficiency of the control system, as it is able to stabilize the amplitude level of the sensor signal.
Current feedback
However, on comparing the limiter's output for this experiment with the same signal recorded for the mechanical feedback control system (Fig. 19) , it can be seen that the limiter's output is changing within a much broader interval in the case of mechanical feedback. In the mechanical feedback case, the limiter produces 2-3 times higher output for each feed rate value than for the current feedback control system. This observation induces doubt over the appropriateness of the reflection of the ultrasonic system vibrations by means of the current sensor. To further investigate this case, the same experiment was repeated again and in this case the output of the inductive sensor was recorded together with the limiter's output (Fig. 22) . It can be seen from Fig. 22 that the level of the inductive sensor's output (solid line) drops every time the feed is applied (70-90, 110-125, and 142-162 s). This proves that the control system based on the current feedback has difficulties controlling the level of vibrations.
Thus, the results of this experiment coincide with the results of simulation completed for the current feedback control system. They prove that by controlling the current of the piezoelectric transducer, the level of vibrations of the ultrasonic transducer cannot be controlled properly. This confirms that the control system based on the current feedback is less efficient than the control system based on the mechanical feedback.
Power feedback
The oscilloscope readings of the turning experiment for the power feedback control system are shown in Fig. 23 . In this case, the output of the current sensor is used as the actuating signal for the positive It can be seen that the control system in this case behaves in the same way as in previous experiments: the increase in the limiter's output can be observed each time when the feed is applied. This behaviour of the control system allows keeping the sensor signal (solid line) constant by compensating for the changes, caused by the applied load. The ability of the control system to stabilize the amplitude level of the sensor signal verifies its efficiency. Again, on comparing the limiter's output for this experiment with the same signal recorded for the mechanical feedback control system (Fig. 19) , it can be seen that the limiter's output is changing within a much more narrow band here. It can also be observed that the second and third increase in the limiter's output have almost the same amplitude. This phenomenon has been initially discovered during the simulations completed with the model and can be explained due to dependence of the power of the piezoelectric transducer on the voltage supplied to the piezoelectric transducer. At the beginning of the experiment, the desired level of power corresponds to the desired level of displacement. Application of the load requires the increase in the voltage supplied to the piezoelectric transducer, which also increases the power and the same level of power corresponds to the lower level of displacement now. Figure 24 shows oscilloscope readings of the inductive sensor's output (solid line) and the output of the power sensor (dashed line) observed during the same experiment with power feedback control system as described above.
We can see that the power sensor's output is kept constant during the test. However, the signal from the inductive sensor decreases during the intervals of the load application (75-95, 110-125, and 135-150 s). Comparing the inductive sensor's output for this experiment with the same signal obtained for the current feedback control system (Fig. 22) it can be noticed that they are different. For the current feedback case, the drops in the level of the inductive sensor's output are proportionally increasing with the increase in the applied load, whereas for the power feedback case they are not changing that much from each other. This again proves the dependence of the power of the piezoelectric transducer on the amplitude of the signal supplied to it and demonstrates reduced efficiency of the control system based on the power feedback for controlling the level of vibrations of the ultrasonic transducer. Thus, the results of this experiment coincide with the results of simulation completed for the power feedback control system.
Surface finish measurements
In order to investigate the influence of the different control strategies application, turning experiments described in the previous section were repeated for two feed rates (0.03 and 0.2 mm per revolution) and the surface finish quality was evaluated. To ensure the reliability of measurements at least 10 mm have been machined for each combination of the control strategy and the feed rate. Measuring device Talysurf CLI 2000 has been employed for surface profile assessment.
Feed rate 0.03 mm per revolution
Surface profiles obtained for feed rate 0.03 mm per revolution with application of different control strategies are shown in Fig. 25: (a) shows the result of the mechanical feedback application, when the output of the inductive sensor was used by the control system; (b) and (c) depict the results for the power and current feedbacks correspondingly; (d) represents the frequency control case, when no feedback was applied; and (e) shows the results obtained for the conventional (non-ultrasonic) turning. The same sampling length 6000 μm and scale 50 μm was used in all the cases. Comparing these pictures with each other, the difference in the surface profiles can be observed. The first three strategies, (a), (b), and (c), visually produced very similar surface profiles, the profile for the frequency control (d) is a little bit more distorted, and finally it can be seen that the profile obtained for the conventional turning (e) is very different from all previous cases.
Roughness parameters, calculated as average value of these sampling lengths, are introduced in the first column of the Table 1 . A microroughness filtering with a ratio of 2.5 μm was applied before calculation.
The parameter R a (μm), which is used for comparison of the control strategies, is the universally recognized international parameter of roughness. It is the arithmetic mean of the absolute departures of the roughness profile from the mean line. It can be seen that the roughness values for the first four strategies are quite close to each other and slightly deteriorate towards the bottom of the row. The value of roughness of the surface profile obtained for the conventional turning is considerably worse than for all previous cases. The best quality surface (with minimal R a value) was obtained for the mechanical feedback control system. 
Feed rate 0.2 mm per revolution
Surface profiles obtained for feed rate 0.2 mm per revolution with application of the same control strategies as in the previous experiment are shown in Fig. 26 . On comparing Fig. 26 with Fig. 25 , it can be seen that the surface profiles obtained for the feed rate 0.2 mm per revolution are very different from the profiles obtained for the 0.03 mm per revolution. From Fig. 26 , the considerable deterioration in the surface quality for the frequency control (d) and for the conventional turning (e) can be observed. Power feedback control system (b) produced better surface than the current feedback control system (c). And the best results, again, are obtained for the mechanical feedback case (a).
The values of roughness parameters calculated for these samples are shown in the second column of the Table 1 and the results of visual observation are repeated. On comparing the R a values obtained for different feed rates, it can be seen that roughness values obtained for the feed rate 0.2 mm per revolution are much higher than the values obtained for the 0.03 mm per revolution.
Thus, the results presented in this section very closely correspond to the results discussed in the previous section and to the simulation results obtained through the modelling.
CONCLUSIONS
Autoresonant control is a method of optimally controlling the electrical signal supplied to the ultrasonic transducer used for a variety of cutting processes, such as turning, grilling, milling, etc. It allows to maintain the non-linear resonant mode of vibration in ill-defined and time-changing conditions.
To a great extent, the efficiency of control depends on the feedback design, which in turn relies on the sensor. Three control strategies based on signals from different sensors have been investigated and compared: mechanical feedback (displacement control) and two cases of electrical feedback (current control and power control).
The completed investigation revealed that the control system based on mechanical feedback provides the most efficient means of control. Advantages of mechanical feedback are linked to the location of the sensor. In the case of mechanical feedback, the sensor is placed near the cutting zone and provides the most reliable information about the dynamics of the process of machining.
Electrical feedback is based on the sensor measuring the electrical characteristics of the piezoelectric transducer, which reflects the real vibrations of the ultrasonic system in an indirect way. The piezoelectric transducer is at a distance from the cutting zone and its electrical characteristics (current and power) are much less subject to the influence of the cutting process than the mechanical characteristics. This explains the insufficiency of the control with electrical feedback.
